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ABSTRACT
A model is proposed for the observed combination of power-law and thermal
emission of keV X-rays from rotationally powered pulsars. For γ-ray pulsars
with accelerators very many stellar radii above the neutron star surface, 100
MeV curvature γ-rays from e− or e+ flowing starward out of such accelerators
are converted to e± pairs on closed field lines all around the star. These pairs
strongly affect X-ray emission from near the star in two ways. (1) The pairs are
a source of synchrotron emission immediately following their creation in regions
where B ∼ 1010 G. This emission, in the photon energy range 0.1 keV ∼< EX ∼<
5 MeV, has a power-law spectrum with energy index 0.5 and X-ray luminosity
that depends on the backflow current, and is typically ∼ 1033 ergs s−1. (2)
The pairs ultimately form a cyclotron resonance “blanket” surrounding the star
except for two holes along the open field line bundles which pass through it. In
such a blanket the gravitational pull on e± pairs toward the star is balanced
by the hugely amplified push of outflowing surface emitted X-rays wherever
cyclotron resonance occurs. Because of it the neutron star is surrounded by
a leaky “hohlraum” of hot blackbody radiation with two small holes, which
prevents direct X-ray observation of a heated polar cap of a γ-ray pulsar.
Weakly spin-modulated radiation from the blanket together with more strongly
spin-modulated radiation from the holes through it would then dominate
observed low energy (0.1–10 keV) emission. For non-γ-ray pulsars, in which
no such accelerators with their accompanying extreme relativistic backflow
toward the star are expected, optically thick e± resonance blankets should not
form (except in special cases very close to the open field line bundle). From
such pulsars blackbody radiation from both the warm stellar surface and the
heated polar caps should be directly observable. In these pulsars, details of the
surface magnetic field evolution, especially of polar cap areas, become relevant
to observations. The models are compared to X-ray data from Geminga, PSR
1055–52, PSR 0656+14, PSR 1929+10, and PSR 0950+08.
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Subject headings: pulsars: individual (Geminga, PSR 1055–52, PSR 0656+14,
PSR 1929+10, PSR 0950+08) — stars: neutron — X-rays: stars
1. Introduction
X-ray emission at keV energies from pulsars may come from several sources: (a)
thermal cooling from the entire stellar surface of deep internal heating source (e.g., residual
heat from the violent stellar birth, glitches, and magnetic flux tube motion through
the electron-proton sea of the core); (b) polar cap heating from an inflow of extremely
relativistic e− or e+ that have passed through an accelerator on the open field line bundle;
(c) synchrotron radiation from e± pairs, created in the near magnetosphere above the stellar
surface at altitude ∼ 3R; (d) inverse Compton scattering of radio photons by extremely
relativistic e− or e+ inflow or outflow on the open field lines of the pulsar. We shall consider
here interpretation of X-ray observations from solitary (isolated) pulsars in terms of these
assumed sources.
In §2 we summarize X-ray emission and pulsar properties: present data seem adequate
for differentiating among possible sources. A dichotomy exists between the data from γ-ray
pulsars and “ordinary” ones (those that are not observed to have strong γ-ray emission).
The former show a power-law spectrum for their hard X-rays (1–10 keV) and no evidence
for observation of the expected heated polar cap emission. The latter do not show the
strong strong power-law emission, but heated polar cap emission does appear to have been
observed. We interpret these differences as a consequence of e± production in the near
magnetospheres of γ-ray pulsars but not in those of ordinary ones.
The locations of major particle accelerators in pulsar magnetospheres and the flow of
particles through them may be different from those which power the much lower energy
radio emission. We discuss relevant features of magnetospheric accelerators in §3.
Power-law emission in the keV range with the observed spectral extent, intensity,
and angular distribution seem to be a natural consequence of the outer magnetospheric
accelerator models, but not of polar-cap ones. Modelling the source of power-law emission
is the subject of §4.
Copious e± production on closed field lines above the neutron star surface, no matter
what its origin, would sustain a cyclotron-resonant X-ray reflecting mirror there (referred
to as a “blanket”). This blanket would reflect X-rays from a hot polar cap in all directions
except in a narrow cone through either of the two holes in the blanket where the open field
line bundle penetrates through it. These cyclotron-resonant blankets are considered in §5.
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Such thick blankets should only exist on the closed field lines above the surfaces of γ-ray
pulsars of which the hard X-ray power-law spectrum is from the synchrotron radiation of
e± pairs made in the near-magnetosphere. Direct observation of X-rays from heated polar
caps through the holes of the open field line bundle would be expected to be rare: most of
these X-rays from a hot polar cap would be reflected back toward the star by the blanket.
In §6 we discuss features of individual pulsars that need special consideration. The
γ-ray pulsar Geminga has a soft X-ray (0.1–1 keV) luminosity that is not as large as that
from the heating of a polar cap expected from the down-flowing extremely relativistic e−
or e+ that strike it. A possible mechanism for reducing the power of that inflow by inverse
Compton scattering of inflowing extremely relativistic e− (e+) by radio photons emitted
near the polar cap is presented.
The presence or absence of a strong blackbody component of hard X-rays depends
on the formation of the blanket on closed field lines of the near magnetosphere. For most
non-γ-ray pulsars, such blankets would not be expected, and direct observation of their
hot polar caps is possible. In §7 we consider the effective areas of the X-ray emission and
luminosities of hot polar caps.
If the blanket is present, soft X-rays (0.1–1 keV) can escape from the star either
by penetrating through the blanket itself, which gives a weakly modulated light curve,
or by leaking out through the holes of the blanket on open field lines, which gives a
strongly modulated one. The combination of these two sources might explain the pulsed
fraction observed in various pulsars. Because of uncertainties with luminosity and density
distribution, a quantitative calculation is not yet available. We only outline this concept in
§8.
2. X-ray Observations
Following the detection by the Einstein satellite of several rotationally powered pulsars
at X-ray wavelengths, their surface emission and magnetospheric processes have been
studied using spectra and light curves obtained by the Ro¨ntgen Satellite (ROSAT) and
the Advanced Satellite for Cosmology and Astrophysics (ASCA). About two dozen isolated
pulsars have been detected by these instruments (Finley, O¨gelman, & Kızılog˘lu 1992;
Halpern & Holt 1992; O¨gelman & Finley 1993; Yancopoulos, Hamilton, & Helfand 1994;
Manning & Willmore 1994). X-ray spectra are usually fitted to either a thermal blackbody
shape or a nonthermal power-law one.
Geminga is a radio-quiet pulsar with period P = 0.237 s, surface magnetic field
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Bp ∼ 1.6 × 10
12 G, and characteristic age τ = P/2P˙ = 3.4 × 105 years (Halpern &
Holt 1992; Bertsch et al. 1992). Halpern and Ruderman (1993) fitted the ROSAT PSPC
spectrum of Geminga with a two-component model, either two blackbodies, or a blackbody
plus a power-law. Both fits gave a satisfactory description of the spectrum. This ambiguity
was resolved by combining ROSAT and ASCA data: the bulk of the soft X-ray flux is a
blackbody, and the hard X-ray spectrum is a power law (Halpern & Wang 1997). The
soft X-ray component is parameterized as a blackbody with T = 5.77+0.37−0.46 × 10
5 K and a
bolometric luminosity 1.47× 1031 ergs s−1; the hard X-ray spectrum is fitted by a power law
with energy index 0.47+0.25−0.23 and luminosity 8.13× 10
29 ergs s−1(Figure 1). The luminosities
were calculated from the parallax distance of 160 pc from the HST measurements (Caraveo
et al. 1996).
PSR 1055–52 and PSR 0656+14 resemble Geminga in many respects: periods, loss
rate of rotational energy, characteristic age, etc. (Table 1). They have also been fitted
with a two-component model (O¨gelman & Finley 1993; Greiveldinger et al. 1996; Possenti,
Mereghetti, & Colpi 1996). The soft X-ray component has generally been interpreted as
thermal emission from all or a part of the surface of the neutron stars. However, the source
of the harder X-ray component has not been determined. O¨gelman and Finley (1993)
analyzed the ROSAT data from PSR 1055–52; their results were fitted to a blackbody
together with a power law of energy index 0.4–0.5. Although Greiveldinger et al. (1996)
favored a blackbody model to describe the hard X-ray component for a joint fit of ROSAT
and ASCA data, our own reexamination of the same ASCA data shows that a power law
with energy index 0.5± 0.3 and luminosity 1.5× 1030 ergs s−1(calculated at d = 500 pc) fits
the spectrum equally well (Figure 2). PSR 1055–52 possesses a large pulsed fraction, 0.73
± 0.33 at higher X-ray energies (O¨gelman & Finley 1993). Because of the gravitational
bending effect, pulsed fraction due to heated polar cap can rarely exceed 50%, and a high
pulsed fraction seems more easily compatible with a strongly beamed nonthermal hard
X-ray component. [See simulations by Possenti et al. (1996) and Wang & Halpern (1997).]
The soft X-ray component has temperature 7.9+0.6−1.0 × 10
5 K and bolometric luminosity
2.2× 1032 ergs s−1. Greiveldinger et al. (1996) also reported a joint analysis of ROSAT and
ASCA data for PSR 0656+14. They required two blackbodies and a power law to fit the
spectrum. Our own analysis verified the double blackbody model but failed to confirm the
extra power-law component. The soft X-ray component has temperature 8.1+0.5−1.4 × 10
5 K
and bolometric luminosity 4.3 × 1032 ergs s−1; the hard X-ray component has temperature
1.7+0.2−0.2 × 10
6 K and a bolometric luminosity 2.6 × 1031 ergs s−1. The luminosities are
calculated at an estimated distance of 400 pc.
The older pulsars PSR 1929+10 and PSR 0950+08 have similar period, and roughly
comparable characteristic ages, spin-down powers, and surface magnetic fields (Table 1).
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According to the cooling curves (Page & Applegate 1992; Lattimer et al. 1991), the X-ray
luminosity of a pulsar whose age exceeds 106 years decreases sharply, and the typical energy
of thermal photons from such an object is too low to create pairs in collisions with GeV
photons. X-rays are detected from both pulsars by ROSAT (Yancopoulos et al. 1994;
Manning & Willmore 1994) and ASCA (Wang & Halpern 1997). The spectra from both
pulsars are fitted to a single blackbody spectrum from a small area. PSR 1929+10 is best
fitted with temperature (5.14 ± 0.53)× 106 K and a luminosity 1.54 × 1030 ergs s−1 after
adopting the distance 250 pc of Yancopoulos et al. (1994). PSR 0950+09 has temperature
(5.70± 0.63)× 106 K and a luminosity 4.67× 1029 ergs s−1, at the parallax distance of 125
pc (Gwinn et al. 1986).
At present, about twenty pulsars have been detected in soft X-rays, but few of them
have sufficient photons for comprehensive spectral and temporal analysis. The above five
objects, observed in the X-ray energy range 0.1–10.0 keV, represent pulsars of various
classes. They all have periods of about 0.3 s. Geminga, PSR 1055–52, and PSR 0656+14
have characteristic ages τ ∼ 105 years, whereas PSR 1929+10 and PSR 0950+08 have
τ ∼ 107 years. Strong pulsed γ-ray emission is detected from Geminga (Bertsch et al.
1992) and PSR 1055–52 (Fierro et al. 1993), but such radiation is still uncertain for PSR
0656+14 (Ramanamurthy et al. 1996). While Geminga, PSR 1055–55, and PSR 0656+14
have typical dipole component magnetic fields Bp ∼> 10
12 G, PSR 1929+10 and PSR
0950+08 have weaker fields (Bp < 10
12 G). Properties of these five pulsars are summarized
in Table 1. Luminosities have a great uncertainty associated with the measurements of
distance. We observe thermal soft X-ray emission from Geminga, PSR 1055–52, and PSR
0656+14, and the emitting area is comparable to the entire surface of a neutron star. A
thermal hard X-ray component is observed from PSR 1929+10, PSR 0950+08, and PSR
0656+14 from an area which occupies only a small fraction of the neutron star surface.
A power-law spectrum in hard X-rays is observed from the γ-ray pulsars Geminga and
PSR 1055–52. Light curves of the hard X-rays of both γ-ray pulsars have pulsed fractions
exceeding 50%, which we interpret as an indicator of nonthermal emission.
3. Particle Flows in Pulsar Magnetospheres
The Energetic Gamma Ray Experiment Telescope (EGRET) on the Compton Gamma
Ray Observatory (CGRO) has detected six pulsars with strong γ-ray emission above 100
MeV: Crab, Vela, Geminga, PSR 1706–44, PSR 1055–52, and PSR 1951+32. Similarities
among the γ-ray spectra and most of the light curves suggest that a similar powerful
accelerator is operating in each of their magnetospheres.
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Models for magnetospheric accelerator gaps fall into two main classes. For a polar-cap
accelerator (Ruderman & Sutherland 1975, RS hereafter; Daugherty & Harding 1982),
generally assumed to power the radio emission of a pulsar, the acceleration of primary
particles takes place relatively near the surface of a neutron star. In the central dipole
approximation for the stellar magnetic field, all the radiation and pair production resulting
from primaries which have passed through such accelerators would be restricted to be
within the open field-line bundle that links the polar cap to the light cylinder (rLC ≡ c/Ω, in
which Ω = 2πP−1). Outer-magnetospheric accelerators have been proposed for the emission
of the energetic photons from γ-ray pulsars (Cheng, Ho, & Ruderman 1986a,b, hereafter
CHRa, CHRb). These accelerators could achieve much higher potential drops along B,
∆V ∼
Ω2BpR
3
c2
∼ 1014 V, (1)
with Bp the surface dipole field, than can polar cap accelerators. Pair production within
such accelerators (e.g. from accelerator produced GeV γ-rays colliding with keV X-rays from
the stellar surface or its neighborhood) will result in a net flow of primary e−(e+) out of the
star being balanced by an inward flow of e+(e−) from the starward end of the accelerator.
Because of extensive e± flows generated by both polar cap and outer-magnetospheric
accelerators, it is difficult to see how both could survive on the same field lines: pairs from
one would be expected to quench the other. However, a polar cap might be linked to both
kinds of accelerator as long as the field lines through each are different [e.g. upward curving
with a net positive (negative) charge near the light cylinder for one and downward curving
negative (positive) for the other, or lines passing through the charge reversing surface
Ωˆ ·B = 0 for the one but not for the other, etc.].
Arguments for important outer-magnetospheric accelerators as well as polar cap
ones in γ-ray pulsars but not in ordinary ones include the following: (a) apparently
different death lines for the two families (Chen & Ruderman 1993); for example ordinary
pulsar radio emission appears to cease when polar cap accelerator e± production is
no longer possible while γ-ray pulsar emission seems to be quenched when putative
outer-magnetospheric accelerators would no longer be able to sustain the mechanism of
collision between GeV γ-rays and keV X-rays; (Thus, Geminga and PSR 1055–52 could
maintain outer-magnetospheric accelerators, but PSR 1929+10 and PSR 0950+08 could
not; the former are γ-ray pulsars, while the latter are not.) (b) strong optical emission
coincident with X-ray emission from the Crab pulsar which is difficult to explain unless its
source is synchrotron radiation in the outer magnetosphere; (c) escape of 10 GeV γ-rays
from PSR 1951+32 and PSR 1706–44 which seems more difficult to accomplish if these
γ-rays originate in the neighborhood of strong polar cap fields; (d) the γ-ray luminosity of
these γ-ray pulsars with P ∼> 10
−1 s−1 (Lγ ∼ 10
34 ergs s−1). From an outer-magnetospheric
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accelerator, because almost the full potential drop ∆V ≈ 1014 V will be radiated away by
each electron in the accelerator, we indeed expect just such a luminosity,
Lγ ∼ N˙0e∆V ∼ 10
34 ergs s−1, (2)
for N˙0 the maximum current through the accelerator (i.e. the Goldreich-Julian current)
N˙0 ∼
Ω2BpR
3
ec
∼ 1032 s−1. (3)
We assume that outer-magnetospheric accelerators—or at least their starward flow
of extreme relativistic leptons—are present in γ-ray pulsars. [We note, however, that
the outer-magnetospheric accelerator model of Romani (1996) and co-workers does not
include any such symmetry between outward e−(e+) and inward e+(e−) flow.] In the next
section, an interpretation of X-ray data from γ-ray pulsars provides more evidence favoring
outer-magnetospheric accelerators as a source of extremely relativistic starward particle
flow.
4. X-rays from γ-ray Pulsars
The γ-ray pulsars Geminga, PSR 1055–52, and PSR 1951+32 all have a power-law hard
X-ray component with energy index ∼ 0.5. If synchrotron radiation in the magnetosphere
is responsible for this emission, an outer-magnetospheric model can explain its slope and
intensity. The polar-cap accelerator model, on the other hand, has difficulties accounting
for this component, as we describe below.
4.1. Spectra
The energy loss rate E˙ of extremely relativistic charged particles flowing along curved
paths is
E˙ = γ˙mc2 = −
2
3
e2c
s2
γ4, (4)
with s the radius of curvature. For γ-ray pulsars powered by outer-magnetospheric
accelerators, the number of particles flowing through an accelerator along the open field
line bundle is limited by the Goldreich-Julian current. Although an outer-magnetospheric
accelerator might sustain a potential difference along open field lines as high as ∆V ∼ 1014
V, radiation reaction limits the energy of primary particles Ep (CHRb)
γ1 ≡
Ep
mc2
≤
(
E · Bˆ
e
s2
)1/4
∼ 3× 107, (5)
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For a dipole field, s ∼= (rc/Ω)1/2, with r the radial distance. When primary particles flowing
starward from an outer-magnetospheric accelerator approach the polar cap, γ satisfies
1
γ3
−
1
γ31
∼
2Ωe2
mc3
ln
(
rLC
r
)
, (6)
with r ∼= ct. If r ≪ rLC, γ is insensitive to r and γ1; it remains approximately constant at
γ ∼
(
2Ωe2
mc3
ln
rLC
r
)−1/3
∼ 107. (7)
Each such e−(e+) produces curvature radiation with
Eγ ∼ h¯γ
3
(
c
s
)
∼ 100 MeV. (8)
The number of such γ-rays radiated during the traversal along B a distance equal to the
local radius of curvature is
Nγ ∼
E˙s
Eγc
∼
γe2
h¯c
∼ 105. (9)
Photons from curvature radiation are initially emitted almost tangent to the local
B within an angle γ−1; after they proceed a distance l, they make an angle φ with the
magnetic field line,
φ ∼ l/s. (10)
These 102 MeV γ-ray photons are converted into e± pairs at a significant rate as soon as
they cross magnetic field lines that satisfy (RS)
Eγ sinφ
2mc2
B12
2
≥ 1, (11)
The angle φ becomes the pitch angle of the e± pair trajectories. With an outer-
magnetospheric accelerator model for starward primary particle flow, most 100 MeV
photons will be converted on closed field lines at B ∼ 1010 G, and φ ∼ 90◦. Each electron
and positron carries about half the parent γ-ray energy, and quickly loses its momentum
perpendicular to the local magnetic field by synchrotron radiation at the rate
1
τs
≈
(
γ⊥
γ‖
) (
e2
mc3
)
ω2B ∼ 10
11 s−1, (12)
with
γ⊥ ≈ γ sinφ, (13)
γ‖ =
γ
γ⊥
≈
1
sin φ
, (14)
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ωB ≡
eB
mc
. (15)
The distance that a charged particle can propagate before losing most of its energy is ∼ 0.3
cm (Figure 3).
The initial characteristic frequency of synchrotron radiation of these locally created e±
is
ωc ∼= γ
2
⊥γ‖ ωB ≈ γ
2 sin φωB. (16)
Their intensity spectrum is
Is(ω) ∼=
1
2
(
1
ωωB sinφ
)1/2
mc2. (17)
This power law spectrum with energy index 0.5 is valid from the minimum value of the
local cyclotron energy where the pairs are produced, up to several MeV:
Emin ∼
h¯ωB
sin φ
∼ 0.1 keV, (18)
and
Emax ∼
(
Eγ
2mc2
)2
sin φ h¯ωB ∼ 5 MeV. (19)
Because γ in equation (7) is insensitive to details of the initial accelerator, the energy
index of the power law spectrum should generally be ∼= 0.5. This value agrees with the
ASCA spectra: both Geminga and PSR 1055–52 are observed to have that energy index. A
power-law spectrum with energy index 0.5 should be expected up to the MeV range for all
γ-ray pulsars. The lower cutoff energy Emin depends on the local magnetic field in which
the γ-ray is converted to e± pairs and the pitch angle φ.
Both Geminga and PSR 1055–52 have been observed with the HST; Geminga has a
visual magnitude V = 24.5 (Bignami et al. 1996), whereas PSR 1055–52 has m = 24.88
at 3400 A˚ (Mignani, Caraveo, and Bignami 1997). If the soft X-ray spectrum is correctly
described as a blackbody one, the visible flux from Geminga is too large to be the long
wavelength tail of the X-ray spectrum (Halpern, Martin, & Marshall 1996). And in contrast
to the analysis by Mignani et al. (1997) of PSR 1055–52, we find the flux from a blackbody
extrapolation of the X-rays to be (2.0–3.1) ×10−31 ergs cm−2 s−1 Hz−1, according to the
best-fitted blackbody temperature by Greiveldinger et al. (1996), much less than the
observed flux 1.3× 10−30 ergs cm−2 s−1 Hz−1 at 3400 A˚. While the extrapolated blackbody
falls below the optical flux, the fitted X-ray power-law component would exceed it. This
observation conforms to our model, since we expect the low-energy cutoff of the synchrotron
spectrum to fall at about 0.1 keV. Below the cutoff energy the spectrum should rise (with
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increasing energy) at the canonical low-frequency synchrotron index −1
3
. Within the
uncertainty associated with the power law best-fit, we estimate the cutoff energy to be
20–500 eV. Improved X-ray, UV and optical observations are needed to refine the cutoff
energy.
For a polar-cap accelerator, the crucial differences from the above are the pitch angle
φ and number of γ-ray photons Nγ a primary particle can make (to be discussed in §4.2).
For γ-rays emitted above a polar-cap accelerator in a dipole field, φ can never become
much greater than (RΩ/c)1/2, unless the emission radius greatly exceeds R, in which case B
becomes too weak for pair creation. If the emission radius is much greater than R, equation
(11) will not be satisfied, because φ increases proportionatedly to r1/2, while the magnetic
field B decreases as r−3. Those γ-rays that are converted would have φ ∼< 10
−1, and Emin
will be more than an order of magnitude greater than the spectral limit of equation (18). A
1 keV lower bound does not seem to agree with observations.
4.2. Luminosities
The luminosity of the hard X-ray component (in ASCA) from Geminga and PSR
1055–52 for an outer-magnetospheric accelerator model is
LASCA ∼ fN˙0Nγ
∫ ω2
ω1
Is(ω) dω ∼ 10
30 ergs s−1, (20)
with h¯ω1 = 0.7 keV and h¯ω2 = 5.0 keV, the ASCA coverage. The factor f in equation (20)
is the fraction of the Goldreich-Julian current that flows back out through the accelerator
to the polar cap. For an outer-magnetosphere accelerator centered on the null surface
(Ωˆ·B = 0) this fraction depends on details of the outer-magnetospheric accelerator model,
the angle between the spin and the dipole moment, etc. It is typically near 1
2
for γ-ray
pulsars not too far from their death lines (CHRb). The luminosity of equation (20) is close
to the observed values of L2 in Table 1 for Geminga and PSR 1055–52.
For polar-cap models, only γ-rays emitted by primary particles within a stellar radius
R or so of the stellar surface can make e± pairs (same argument as §4.1). Thus Nγ will
be reduced from the value in equation (9) by of order R/s, and the luminosity of equation
(20) should be reduced by this same factor. The simulations by Daugherty and Harding
(1996) (Figure 3 in their paper) support our estimate. For γ-ray pulsars with P ∼ 10−1 s
and a dipole magnetic field approximation, R/s ∼< 10
−2, so that LASCA ∼< 10
28 ergs s−1, not
enough to account for what is observed.
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4.3. Light Curves
If X-rays are produced above a polar-cap accelerator, e± pairs have to be created before
B drops below ∼ 1011 G. Therefore the angular size of the cone of emitted synchrotron
radiation in X-rays should be of order (3RΩ/c)1/2. Our estimate is supported by the
simulations by Daugherty & Harding (1996): their Figure 3 indicates that pair production
can no long be sustained if r ∼> 3R. The angular width of the X-ray cone should then not
much exceed the angular spread of the open field line bundle from which the emission takes
place. Analyses of radio emission generally place “conal emission” at r ∼ 10R and “core
emission” at r ∼ R (Rankin 1990, and references therein). The synchrotron X-ray emission
from these same field lines should then be observed coincident in phase with the radio
emission and with a width even less than that of conal radio emission. Neither is the case
for PSR 1055–52, while no radio emission is yet confirmed from Geminga.
4.4. The Crab Pulsar
The spectrum of the Crab pulsar in the ROSAT and ASCA regime is dominated by
the radiation in two subpulses. That radiation is almost certainly from the same region and
particles which are the source of its high-energy (up to at least 1 GeV) γ-rays, but not pairs
created on closed field lines in the near magnetosphere discussed above. For X-rays from
the latter we should look at the radiation between these subpulses, which should also have
a broader angular spread than that in the two subpulses. The spectrum of this inter-pulse
radiation has been isolated by Mineo et al. (1997) (also see Massaro et al. 1998). They find
a power law for it, of which energy index (smaller by 0.32 than that in the subpulses) is 0.5,
consistent with that for Geminga and PSR 1055–52. This radiation extends up to 200 keV.
5. Absence of Observable Hot Polar Caps
Relativistic inflowing particles radiate away much of their energy before reaching the
polar cap. According to equation (6) the residual energy of the charged particles impacting
the polar cap is
Ef = mc
2
[
2Ωe2
mc3
ln
(
rLC
R
)]−1/3
∼ 5.5 ergs. (21)
With constant bombardment of these particles at a rate of 1032 s−1 (the Goldreich-Julian
current) the polar cap would radiate X-rays with luminosity
LX = fEfN˙0 ∼= 2.1× 10
32 ergs s−1. (22)
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However, no evidence for such a strongly heated polar cap is found in Geminga or PSR
1055–52. The total thermal X-ray luminosity of PSR 1055–52 is 2.3× 1032 ergs s−1, whereas
for Geminga it is 1.5× 1031 ergs s−1. In both cases X-rays seem to be emitted from a large
fraction of the surface of the neutron star. We attribute the absence of observed hot polar
caps to the formation of a reflective e± “blanket” above the stellar surface.
The creation of 1037 e± pairs per second which produce the power-law synchrotron
radiation in §4 would take place mainly on closed field lines in which B ∼ 1010 G (at
r ∼ ( Bp
1010
)1/3R ∼ 6R). As we discuss later, production of e± pairs at such a rate would have
significant impact on the observability of X-ray emission from the stellar surface. Because
we expect a γ-ray pulsar with an outer-magnetospheric accelerator to produce this number
of e± pairs, but not so for an ordinary pulsar, the X-ray spectrum is expected to be different
for these two families.
In order for a blanket to be sustainable, the e± annihilation rate in it must not exceed
the pair injection rate there. This annihilation rate for a local n± is
r± ∼ (n±)
2 σ±
(
c
v±
)
v± ∼ 10
14(n±)
2
14 cm
−3 s−1, (23)
in which σ±
c
v±
is the annihilation cross section for non-relativistic e± pairs with velocities
v±. It corresponds to a total near magnetospheric annihilation rate
R± ∼ 10
34 (n±)
2
14 s
−1. (24)
In comparison the e± production rate on the closed field lines from equations (3)
and (9), NγN˙0 ∼ 10
37 s−1, could balance R± with n± ∼ 5 × 10
15 cm−3. When a blanket
is formed the lifetime of an e± pair is limited by the pair annihilation rate to about one
second when the pair density is 1014 cm−3. If no blanket were to form and positrons flowed
without interruption to the stellar surface, their residence time in the near magnetosphere
would be a thousand times less. In that case there would not be a sufficient pair density to
surround the star almost everywhere with a good reflecting blanket.
There are five forces acting on these e± pairs:
(i) the gravitational force,
Fg = −
GMm
r2
rˆ. (25)
(ii) the centrifugal force,
Fc = mΩ
2r. (26)
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(iii) an electric force, which may exist within the open field line bundle
FE = e(E · Bˆ)Bˆ. (27)
(iv) the Lorentz force which confines e± to the local magnetic field lines, and
(v) the radiation force of scattered X-rays originally emitted from the surface of the
neutron star.
We specialize our numerical calculations below to PSR 1055–52, but the formulae are
applicable to other pulsars. The strong magnetic field restricts particle motion across a field
line, therefore we consider only the component of forces along the magnetic field. Because
E ·B = 0 on closed field lines, and centrifugal force is insignificant in the region of interest
[r ∼ 2–3 R, to be shown later in equation (35)], it is sufficient to consider merely gravity
and radiation. Zhu and Ruderman (1997), in a study of the e± annihilation line from the
Crab pulsar, found that a balance between these forces can result in a stable equilibrium,
in which an optically thick accumulation of e± pairs is formed over the neutron star.
A blackbody spectrum for polar-cap emission from the surface is
Ib(ω) = LX
15
π4
h¯4
(kT )4
ω3
exp(h¯ω/kT )− 1
, (28)
with LX the bolometric luminosity (2.1× 10
32 ergs s−1), and T2 the polar cap temperature
which is estimated to be
kT2 ∼
(
LX
πR3 Ω
c
σSB
)1/4
∼ 0.5 keV, (29)
in which σSB is the Stefan-Boltzmann constant. Here we assume the canonical polar cap
size. Our purpose is only to estimate but not obtain a definite numerical result, and later
we will find out that the radial position of the blanket (rpk) is insensitive to temperature
[rpk ∝ T
−1/3, see equation (35)].
The magnetic field for a dipole at the center of the neutron star is
B(r, θ) =
Bp
2
(
R
r
)3
(2 cos θ eˆr + sin θ eˆθ) . (30)
In a strong magnetic field the averaged e−-e+ cross section for X-ray scattering is
approximated by (Blandford & Scharlemann 1976)
σ = σT (ǫˆ · Bˆ)
2 +
2π2e2
mc
| ǫˆ× Bˆ |2 δ(ωB − ω), (31)
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with ǫˆ the photon polarization and σT the Thomson cross section. In the optically thin
case, the radiation force averaged over photon polarization is
Fr =
(
π2e2
4mc2
) (
1 + 7 cos2 θ
1 + 3 cos2 θ
Ib(ωB)
r2
)
rˆ. (32)
The angle-averaged radiation force is plotted in Figure 4a. For the estimated polar cap
temperature 0.5 keV, the stable equilibrium point is r = 6.9R. Electrons and positrons
produced below this point will be pushed out along their magnetic field line to this radius;
those above it will be pulled in toward it by gravity. When the number density of electrons
and positrons grows large enough, the e± plasma becomes optically thick to the X-ray
photons from the surface and the radiation force per lepton of equation (32) decreases. To
make an optically thick layer of e± pairs for the polar cap X-rays, the required minimum
number density is
nt(r, θ) ∼=
3
2
Bp
π2eR
(
R
r
)4 (1 + 3 cos2 θ)3/2
1 + 7 cos2 θ
. (33)
A typical nt at r = 2R is ∼ 5 × 10
13 cm−3. The maximum pair density that can be
supported by the X-ray radiation force is reached when the total radiation force from
complete absorption equals the gravitational attraction. An optically thick e± blanket
begins to develop inward from the stable equilibrium point r = 6.9R but cannot grow to
smaller radii than the unstable equilibrium point r = 1.3R. The radiation force for this
optically thick example is plotted in Figure 4b: between 1.3R and 6.9R, the radiation force
equals the gravitational force. Below the unstable equilibrium point e± pairs are pulled
by gravity back to the surface of the neutron star. The maximum supportable density is
achieved when all of the initial momenta of the resonance scattered X-ray photons support
the e± plasma, then
nmax(r, θ) ∼=
45
4π5
1
GMmRc
(
h¯eB∗
mckT
)4 (
R
r
)13 LX
exp[ h¯eB∗
mckT
(R
r
)3]− 1
, (34)
in which B∗ =
Bp
2
(1 + 3 cos2 θ)1/2. The number density nmax is plotted in Figure 5; its
maximum occurs at
rpk ∼= 0.616R
(
h¯eBp
mckT
)1/3
. (35)
If the local density of e± pairs is greater than the maximum supportable value, pairs will
be pulled toward to the star by gravity, otherwise they will be repelled from the star by
radiation. When a steady state is reached, the local number density will be near the
maximum supportable value, but essentially zero elsewhere because it drops sharply after
the resonant peak [equation (34)]. The above formulae are valid on closed field lines,
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as mentioned earlier. However, the open field bundle subtends only a small solid angle,
π(2RΩ/c) ∼ 6× 10−3 ster, thus the star is well blanketed.
With kT2 ∼= 0.5 keV, the blanket has maximum number density nmax ∼= 5× 10
15 cm−3
at radius rpk ∼= 2R. This is almost three orders of magnitude greater than that required
for an optically thick blanket. This optically thick blanket prevents direct observation of
the polar cap from most directions, because the unblanketed part only occupies ∼ 10−3
the total area of the sphere of radius 2R. Most of the photons from the polar cap will be
reflected back to the surface of the neutron star (Figure 6). This process transfers emitted
polar cap X-ray energy to the entire surface of the neutron star, from which it is reradiated
away at a lower temperature
T1 ∼
(
LX
4πR2σSB
)1/4
∼ 7.4× 105 K. (36)
This temperature is in reasonable agreement with the observation. The contribution of
cyclotron resonant back-scattering onto the stellar surface gives rise to thermal radiation
from the surface which is in addition to that from the cooling of the neutron star which was
presumably very hot when it was formed; it might explain the huge difference of soft X-ray
luminosities for Geminga and PSR 1055–52 discussed below. The cooler surface radiation
will have to pass through its own blanket at r ∼ 5R or through the open field line “holes”
where e± blankets can be kept from forming by the strong relativistic current flows. We
discuss the escape of soft X-rays further in §8.
6. Resonant Inverse Compton Scattering on Radio Photons
If the true ages of Geminga and PSR 1055–52 are near their characteristic ages, it
is difficult for a cooling model to explain their enormous difference in luminosity since
they have similar characteristic ages, and Geminga is younger. One possible explanation
is illumination of the extremely relativistic inflowing particles by even a tiny fraction of
the radio emission which is generally assumed to be generated by a polar cap accelerator.
Although no such radio-frequency radiation has been observed from Geminga, it is not
implausible that this is because we do not intercept its emission beam. Special near-surface
magnetic field configuration (especially for core radio beam emission) or gravitational
bending of γ-rays might allow interception of a small part of the radio beam far from
the stellar surface by the postulated extreme relativistic inflow of particles directed down
toward the polar cap. Then cyclotron resonant inverse Compton scattering between these
relativistic e−(e+) and the radio beam may become important. In the rest frame of the
inflowing particles, the radio frequency is upshifted by γ (ω′ ≈ γω). For a radio photon of
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frequency 500 MHz and γ ∼ 107, there is a resonance at B ≈ 109 G or r ≈ 10R. When
inverse Compton scattering occurs, the final scattered photon energy is
Eγ ∼ γ
2h¯ω. (37)
For γ ∼ 107, and frequency of radio photons ∼ 500 MHz, the final energy of these scattered
photons is ∼ 100 MeV, and they will be converted to e± pairs before approaching the
surface. The γ-ray energy will thus be converted into the synchrotron radiation as discussed
in §4.
With the resonant cross section σr ∼=
2pi2e2
mc
δ(ωB − ω), and a Goldreich-Julian number
density for inflowing primaries, the optical depth for the radio photons passing through the
inflowing particles is
τi =
∫
σrndr ∼=
π
3
riΩ
c
∼= 10−2, (38)
with ri the resonance radius ∼ 10R. Hence only a very small fraction of any incident number
of radio photons would be scattered. [Because the fraction of radio photons interacting with
leptons is negligible, inverse Compton scattering cannot be responsible for the absence of
radio emission from Geminga.] The energy loss rate of charged particles to resonant inverse
Compton scattering would then be
E˙e ∼ τi ·
frLradio
h¯ω
· γ2h¯ω ∼ 1038fr erg s
−1, (39)
with fr the small fraction of the radio beam that encounters relativistic particles and
Lradio ∼ 10
25 ergs s−1 the radio luminosity. Although this estimate involves many
uncertainties, it shows that resonant inverse Compton scattering can be extremely efficient
in transferring energy from particles into γ-rays: a very minuscule fraction fr ∼> 10
−6 could
take away most of the energy of the primary inflowing particles and reduce polar cap
heating. Such a mechanism would not necessarily be a universal one and there is no obvious
reason that polar-cap inflow in PSR 1055–52 must be similarly affected.
7. Heated Polar Cap Areas
The backflow of extremely relativistic particles heats the polar cap region. The
predicted polar cap heating varies among models (Cheng & Ruderman 1980; Arons 1981a;
Halpern & Ruderman 1993). The residual energy Ef of each relativistic particle is about 5
ergs [equation (21)] from an outer-magnetospheric accelerator whose inflow is uninterrupted
(i.e., not the case proposed for Geminga in §6), whereas Ef ∼ e∆V ∼ 1 erg for a polar-cap
accelerator. An outer-magnetospheric accelerator can be a copious supplier of charged
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particles; nearly the full Goldreich-Julian current would be expected to pass through it.
The full Goldreich-Julian current might not be achieved for backflow through a polar cap
accelerator and we can estimate only an upper limit for the heated polar-cap luminosity in
that case (Arons 1981b). As discussed in §5, a polar cap heated by an outer-magnetospheric
accelerator is not expected to be directly visible unless an observer looks in along the dipole
axis. We consider below only the observable polar cap heating of ordinary pulsars. The
three pulsars in Table 1 with thermal emission from a tiny area are prospective candidates
for such polar cap heating. However, their temperatures and luminosities vary greatly.
While PSR 1929+10 and PSR 0950+08 have ∼ 10−2 smaller polar cap areas than that of
central dipole models, PSR 0656+14 has a 30 times larger one (Table 1). We emphasize
that the fitted luminosity and area depend on the assumed viewing geometry and distance,
as well as on possibly important atmosphere effects (e.g. Meyer, Pavlov, & Me´sza´ros 1994).
The total magnetic flux Φ out of a polar cap is determined by the observed pulsar
spin-down power (IΩΩ˙):
ApcBpc ≡ Φ ∼
(
cIΩ˙
Ω
)1/2
. (40)
For a central dipole model the polar cap area
Apc = A0 ≡ πR
3 Ω
c
, (41)
and
Bpc = Bp. (42)
An anomalously large (small) polar cap area Apc, relative to A0, corresponds to a polar
cap Bpc which is much smaller (larger) than Bp. While a central dipole model gives a good
description for the magnetic field far from the star, it may be inadequate for the surface
field. For example, an off-center dipole, special evolutionary features not describable by a
simple dipole, or effects of the strong diamagnetism of the superconducting core of the star
may all lead to a Bpc very different from Bp.
We consider below two possible consequences for Bpc and Bp which follow from an
evolutionary model for the surface field of spin-down pulsars.
7.1. PSR 0656+14
PSR 0656+14 shares many similarities with Geminga and PSR 1055-52, but detection
of γ-ray emission from it remains weak and inconclusive (Ramanamurthy et al. 1996).
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PSR 0656+14 lies very close to the γ-ray death line, which makes it difficult to decide
theoretically if it should be a γ-ray pulsar. According to the model in §5, there is an
important connection between strong γ-ray emission and the nature of the hard X-ray
component in the sense that a power law of energy index 0.5 is to be associated with a
γ-ray pulsar. In addition, an e± resonance blanket is produced by a γ-ray pulsar, which
should prevent us from observing the heated polar cap directly. Since the X-ray spectrum
of PSR 0656+14 can be fitted with a double blackbody model (Table 1), we infer that it
should not be a γ-ray pulsar, or at least not one with the magnitude of particle inflow of
an outer-magnetospheric accelerator. From the observed temperature and luminosity of
the hotter component, the polar cap size appears to be about 30 times greater than the
canonical value A0. A polar cap with lower temperature and larger area implies a locally
much weaker magnetic field than that of a central dipole. We attribute this difference to
the circumstance that PSR 0656+14 is a nearly aligned pulsar (Lyne & Manchester 1988).
The interior of a neutron star consists of superfluid neutrons, and superconducting
protons. A spinning neutron star with an angular velocity Ω has an array of quantized
vortex lines parallel to its spin axis. Any magnetic field passing through the superconducting
protons of the core is expected to be organized into quantized flux tubes below the stellar
crust. In contrast to the quasi-parallel neutron vortex line array, the flux tube array
is expected to have a complicated twisted toroidal and poloidal structure to achieve
magnetohydrodynamic stability in the deep interior of a conducting star (Flowers &
Ruderman 1977). The vortex array of a spinning-down neutron star must expand with
stellar spin-down. Because the core of a neutron vortex and a flux tube interact strongly as
they pass through each other, the moving vortices push or pull on the flux tube array. This
interaction results in flux tubes either moving together with the neutron vortices, or being
cut through if the flux tube array cannot respond fast enough. The superfluid vortices move
outward with a velocity
vV = r⊥
P˙
2P
, (43)
with r⊥ the distance from the vortex to the spin axis. Near the spin axis, the vortices move
slowly; away from it, the vortices move much faster. If we assume that a pulsar was created
with an almost axisymmetric magnetic field on its surface, and the axis of magnetic dipole
happens to be almost aligned with the spin axis (the apparent case for PSR 0656+14),
the fast moving outer vortices cut through the magnetic flux tubes, while much more
slowly moving inner vortices drag the magnetic flux tubes with them and leave behind a
region with a much weaker magnetic field around the spin axis (Figure 7). The last closed
field lines become very distorted near the surface, and the actual polar cap will be larger
than that of a pure central dipole field. [According to the model of Arons and co-workers
(Scharlemann, Arons, & Fawley 1978), polar cap accelerators form only on “favorably”
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curved field lines, those bend toward the axis of rotation. An aligned pulsar with a central
dipole field would have no favorably curved lines, unlike the configuration of Figure 7, which
would give rise to strong e± production above the polar cap.] If the pulsar were born with
period Pi ∼ 20 ms, the present magnetic field near the spin axis should be diminished by a
factor P/Pi ∼ 20, and the region close to the spin axis should have a weak magnetic field
Bpc ∼ 10
11 G. The expected polar cap temperature should accordingly be lower than in a
central dipole model:
T ∼
(
Ef
ΩBpc
2πe
1
σSB
)1/4
∼ 2× 106 K. (44)
We emphasize that it is only when an important platelet, one that contains the polar
cap, happens to be pierced by the spin-axis that it can be pulled apart in this way during
spin down. This is an exception to the usual case in which the platelets remain intact
(§7.2). We also note that for this special geometry the total dipole field is least affected by
the spin-down history of the star. The original field has been moved away from the spin
axis but has not been pushed out of the core of the star. [Despite its age τ ∼ 1.1 × 105
years, PSR 0656+14 has an average surface dipole field ≈ 4.7× 1012 G, very close to that of
a young pulsar.] It is only after such expulsion has occurred that reconnection can begin to
diminish greatly the dipole moment of the spinning pulsar (Ruderman, Zhu, & Chen 1998).
7.2. PSR 1929+10 and PSR 0950+08
PSR 1929+10 and PSR 0950+08 are two relatively old pulsars. Their surfaces are
expected to have cooled to less than 105 K (Nomoto & Tsuruta 1987; Lattimer et al. 1991;
Page & Applegate 1992). Therefore, the X-rays from these pulsars detected by ROSAT and
ASCA and fitted by temperatures > 1× 106 K, cannot be coming from the cooling surface
but rather from small areas that are reasonably associated with polar cap heating.
Because of their small spin-down power (∼ 1033 ergs s−1), both pulsars are probably
unable to sustain outer-magnetospheric accelerators (e.g. Chen & Ruderman 1993). Both
pulsars have rather weak surface dipole magnetic fields, Bp ≈(2–5)×10
11 G. This might
be an indication of an evolution of the magnetic field from an initially stronger one. As a
young pulsar spins down, the initial hot polar caps move with the highly conducting crust in
which they are embedded. When P reaches a critical value Pc, substantial cracking of cool
crust begins. In the subsequent spin-down, when P > Pc, the average surface dipole field
〈B(P )〉 decreases inversely with P because the movement of the core superfluid neutron
vortex array pulls core flux and the crust through which it penetrates (Ruderman 1991;
– 20 –
Chen, Ruderman, & Zhu 1998), so
〈B(P )〉 = 〈B(Pc)〉Pc/P. (45)
Relatively strong uniform platelet fields (Bpl) remain frozen at
Bpl = 〈B(Pc)〉 ∼ B(Vela) ∼ 3× 10
12 G. (46)
these platelets move away from each other during the spin-down era but the stress within
them is less able to break them apart (except in the special case of §7.1). The more dilute
surface flux is then concentrated in small areas. The area of a polar cap is
Apc ∼
〈B(P )〉
Bpl
·A0 ∼
1
10
A0. (47)
The temperature of the heated part of the polar cap is
T ∼
(
Ef
ΩBpl
2πe
1
σSB
)1/4
∼ 5× 106 K. (48)
This result agrees with observation, T ∼ 5 × 106 K for PSR 1929+10 and T ∼ 6 × 106 K
for PSR 0950+08.
8. Soft X-ray Modulation
Three of the pulsars discussed in this paper are detected in soft X-rays, presumably
thermal emission from the entire surface of the neutron stars. The emission is highly
modulated, with a typical pulsed fraction of 20%. This feature implies an anisotropic
structure on or near the surface of a neutron star. The blanket model of §5 gives such an
anisotropy. For the γ-ray pulsars Geminga and PSR 1055–52, copious e± pair production
on closed field lines is a plausible consequence of strong γ-ray production. PSR 0656+14,
which has a weak field polar cap region surrounded by a stronger field closed field line
region (§7.1), should have copious e± pair production on closed field lines surrounding
its polar cap accelerator. A cyclotron resonant blanket could form around the hot polar
cap. Thus, we expect an optically thick surrounding blanket above all these three neutron
stars. X-ray photons will escape blanketed neutron stars either through the two holes of
the blanket on their open field lines, or by diffusing through the blanket itself. The ratio
of these two fluxes depends on the size of the holes relative to the area of the blanket,
and the probability of penetrating through the blanket. If a photon falls on the hole, the
probability of penetration is one; if a photon hits the blanket, the probability of penetration
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is proportional to (1 + τb)
−1 in which τb(ω) is the frequency-dependent optical depth.
[This should include both diffusion through the blanket and the special incident angles and
polarizations for which ǫˆ× Bˆ = 0 is a good approximation in equation (31).] Then fraction
the flux through the holes (fh) versus that through the blanket (fb) is
fh
fb
=
2πr3 Ω
c
4πr2
(τb + 1). (49)
The blanket area is roughly 103 times greater than the hole size, and the expected optical
depth τb is roughly 10–200, depending on the photon frequency, incident angle, and
polarization. As the star spins the photons escaping from the blanket should be more
uniformly distributed than those from the holes. Then the strongly modulated portion of
the light curve of soft X-rays could be from hole emission and the relatively non-varying
part from passage through the blanket.
In fitting theoretical spectra to observed ones it should be emphasized that the areas
and attitudes of both the open field holes in the blanket through which “hohlraum”
radiation is mainly emitted and the blanket transmission (1 + τb)
−1 are energy dependent.
When fb ≪ fh and r ≫ (cR
2/Ω)1/3, the emitted radiation resembles that from a classical
“hohlraum” at the temperature of the stellar surface. Radiation is almost all reflected by
the blanket, and absorbed and reemitted by the stellar surface before it escapes through
the two small open field line holes. X-rays emerging from the two open field line holes
would not be observed to have the canonical blackbody spectrum because the “hohlraum”
radiation would have an emitting area which depends on the photon energy E,
Ah =
(
πR3Ω
c
)(
h¯eBp
mcE
)
. (50)
This energy-dependent area is independent of the surface field structure when local B ≪ Bp,
so Ah is not an adjustable parameter. However, quantitative comparisons of observations
and models are not yet available because of uncertainties associated with luminosity
measurements and the density distribution of blanket e± pairs needed to determine τb.
9. Conclusions and Future Observations
We have argued that if the keV X-ray emission from γ-ray pulsars is indeed synchrotron
radiation with an energy index 0.5, then outer-magnetospheric accelerators are consistent
with the energy range over which this power law is observed, the X-ray luminosity in the
observed 0.7–5.0 keV range, and the broad modulated light curve. We find it difficult to see
how polar-cap accelerator models for this synchrotron radiation can give these same results.
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If the expected 1037 s−1 e± pairs are produced on the closed field lines above the stellar
surface of γ-ray pulsars, cyclotron resonant blankets are formed which greatly obscure
X-rays emitted from that surface. Observations are not inconsistent with what is expected
in the presence of such blankets.
Our model implies that a γ-ray pulsar should have a power-law spectrum of energy
index 0.5 in X-rays extending from 0.1 keV to a few MeV, but polar cap heating will not
usually be directly observable. This can be tested with more sensitive higher-energy X-ray
data on the pulsars discussed in this paper, as well as others. These data can be obtained
with longer exposures by ASCA, or by the next generation of X-ray missions such as AXAF,
XMM, and ASTRO-E. The validity of the power-law interpretation of the hard X-ray flux
should also be tested by observing its extension to a few MeV, and its low-energy cutoff at
∼ 0.1 keV with improved soft X-ray, UV, and optical spectra. Currently ROSAT data show
that, in addition to the γ-ray pulsars listed in Table 1, PSR 1951+32 also has a power-law
spectrum of energy index 0.6+0.2−0.2 (Safi-Harb, O¨gelman, & Finley 1995); this result is an
encouraging compliment to the model. Additional data from ASCA should be extremely
relevant.
For γ-ray pulsars, creation of 1037 s−1 e± pairs is expected. There would be an expected
e+ + e− → γ + γ slightly red-shifted annihilation line of twice this strength. In the case of
the Crab pulsar and possibly some other γ-ray pulsars, mechanisms exist which might raise
this estimate by 10–102 [e.g. some of the few MeV γ-rays become converted at B ∼ 1012
G, see Zhu and Ruderman (1997)]. A line this weak is not detectable (e.g. by OSSE) at
typical γ-ray pulsar distances. It might be observed if a γ-ray pulsar is someday found at a
distance ∼ 100 pc or less.
There are about 30 Galactic γ-ray sources detected by EGRET. Except for the few
identified as pulsars, the nature of most of them remains uncertain. The discovery of
Geminga as a radio-quiet pulsar opened up the possibility that additional pulsars might
be detected in γ-rays but not in radio. If γ-rays are produced in the outer-magnetospheric
accelerator, they will have a large latitudinal coverage. Because radio emission is generally
believed to be produced on the open field line bundle near the polar cap, it has a narrow
beam. In this picture, there is a large probability that the radio beam does not intersect
the Earth while the γ-ray beam does. Thus, the population of radio-quiet γ-ray pulsars is
potentially high enough to account for the majority of the unidentified Galactic EGRET
sources (Halpern & Ruderman 1993; Yadigaroglu & Romani 1995). It is difficult to discover
periodicity in the γ-ray data because of the paucity of photons, although this may be
possible with future γ-ray missions such as GLAST. The identification of Geminga was
made from its X-rays, of which the count rate is relatively high. X-ray counterparts of
– 23 –
high-energy γ-ray sources may be more generally useful in finding Geminga-like pulsars.
The relative abundance of X-ray photons allows spectral analysis, and our model predicts
that a power-law spectrum in hard X-rays is associated with a γ-ray pulsar. This signature
might provide important constraints in selecting the prospective pulsar candidates.
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Fig. 1.— Fit of the blackbody plus power-law model to the ASCA and ROSAT spectra of
Geminga.
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Fig. 2.— Fit of the blackbody plus power-law model to the ASCA and ROSAT spectra of
PSR 1055–52.
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Fig. 3.— Curvature γ-ray photons from inflowing primary particles are converted to
secondary e± pairs when passing through closed field lines. The e± pairs will then synchrotron
radiate a power-law spectrum of energy index 0.5.
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Fig. 4.— (a) The optically thin case for the radiation force and the gravitational force on
e± as a function of distance r from the center of the neutron star; the solid line indicates
the radiation force for kT = 0.5 keV, the dashed line for kT = 0.06 keV. The dotted line
gives the gravitational force. (b) The optically thick case for the radiation force and the
gravitational force; these two forces are equal between the two equilibrium points.
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Fig. 5.— The maximum number density supportable by the radiation force as a function of
distance r for kT = 0.5 keV and LX = 2.1× 10
32 ergs s−1.
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Fig. 6.— For γ-ray pulsars, the e± pairs created on closed field lines will form a reflecting
blanket around the neutron star; hard X-rays from the heated polar caps will be reflected
back to the surface of the star, and a direct observation of them is prevented.
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Ω
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Fig. 7.— (a) The interior of a neutron star consists of superfluid neutrons and
superconducting protons. The quantized superfluid vortex lines are parallel to the spin
axis, but the superconducting flux tubes have a complicated twisted toroidal and poloidal
structure. The superfluid vortex line array expands as the neutron star spins down. (b) The
outward motion of vortex lines near the spin axis is slow enough to carry core flux tubes and
crust magnetic field with these vortices and to leave a local region with anomalously weak
magnetic field. The distorted field lines near the surface of the neutron star give a polar cap
area larger than would be the case for a central dipole.
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Table 1. Pulsar Data
Geminga PSR 1055-52 PSR 0656+14 PSR 1929+10 PSR 0950+08
f (Hz) 4.218 5.073 2.598 4.414 3.951
f˙ (Hz s−1) −1.95× 10−13 −1.5× 10−13 −3.7× 10−13 −2.25× 10−14 −3.6× 10−15
IΩΩ˙ (ergs s−1) 3.3× 1034 3.0× 1034 3.8× 1034 3.9× 1033 5.6× 1032
τ (year) 3.4×105 5×105 1.1×105 3.1 ×106 1.7×107
Bp (10
12G) 1.6 1.1 4.7 0.5 0.24
T1 (K) 5.77×10
5 7.9×105 8.1×105 - -
L1
a (ergs s−1) 1.47×1031 2.3×1032 4.3×1032 - -
αb 0.47+0.25
−0.23 0.5
+0.3
−0.3 - - -
T2 (K) - - 1.68×10
6 5.14× 106 5.70× 106
L2
c (ergs s−1) 8.1×1029 1.5×1030 2.6×1031 1.3× 1030 3.5× 1029
A2
d (cm2) - - 5.7× 1010 3.2× 107 5.8× 106
d (pc) 160 500 400 250 125
aBolometric luminosity of the soft X-ray component
bPower law energy index
cLuminosity of the hard X-ray component; 0.7-5.0 keV for Geminga and PSR 1055-52, bolometric
luminosity for PSR 0656+14, PSR 1929+10, and PSR 0950+08
dFitted area of polar cap
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